We describe the growth mechanisms of highly mismatched ͑⌬a o / a o =13%͒ defect-free AlSb on Si͑001͒ substrates. Nucleation occurs during the first few monolayers of AlSb deposition by crystalline quantum dot formation. With continued growth, the islands coalesce into a bulk material with no vertically propagating defects. Strain energy from the AlSb/ Si interface is dissipated by crystallographic undulations in the zinc-blende lattice, as confirmed by high-resolution transmission electron microscopy ͑TEM͒ images. Reciprocal space analysis of the TEM images corroborates a crystallographic rotation associated with the undulations. The resulting AlSb material is Ͼ98% relaxed according to x-ray diffraction analysis.
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The growth of III-V materials on Si has been pursued for two decades to facilitate the monolithic integration of light emitters with existing Si device technology. [1] [2] [3] [4] [5] [6] Research efforts in the late 1980s culminated in the demonstration of room-temperature GaAs/ AlGaAs lasers 2 and even vertical cavity lasers grown on Si͑100͒. 3 While these results were encouraging at the time, the device characteristics were only marginal due to microcracks and high dislocation density in the GaAs buffer. 4 Several growth methods were developed to improve the GaAs buffer, the two most notable of which are a low As/ Ga ratio and in situ thermal cycling. 5 More recently, off-axis substrates and low-temperature growth techniques were invoked to nucleate GaAs growth on Si for InGaAs quantum dot ͑QD͒-based lasers. 6 However, the GaAs buffer was dominated by dark-line defects that originate at the GaAs/ Si interface. 7 In comparison with GaAs and other III-V materials, AlSb has been shown to produce defect-free buffers on lattice mismatched substrates. 8 In previously published work, growth of AlSb on GaAs ͑⌬a o / a o = 7.8% ͒ results in optically smooth surfaces as viewed by Nomarski microscopy and very few threading dislocations according to transmission electron microscopy ͑TEM͒ analysis. The growth of AlSb on Si was first explored in the mid-1980s by Van der Ziel and co-workers. This work led to double-heterostructure lasers ͑J th =13 kA/cm 2 ͒ and photodetectors. 9 However, the growth mechanisms of the highly lattice mismatched epitaxy have not been identified.
In this letter, we explain both the nucleation and the strain-relief mechanisms in high quality AlSb growth on Si. First, we show that the nucleation layer is comprised of a crystalline AlSb QD ensemble. With continued deposition, the islands coalesce into a bulk material in which the strain energy from the AlSb/ Si interface is dissipated by crystallographic undulations. Crystallographic undulations provide additional surface area to accommodate strain and have been noted as a strain-relief mechanism in the compliant substrate technology. [10] [11] [12] Prior to growth, the Si substrate surface is hydrogen passivated in an HF etch. The hydrogen is removed by heating the substrate to 500°C in vacuum. A thermal cycle at 800°C ensures that any remnants of the oxide are removed. The removal of the hydrogen is verified by reflection high-energy electron diffraction ͑RHEED͒. The substrate temperature is reduced and stabilized at 500°C followed by a 5 min soak in an Sb overpressure.
Figures 1͑a͒-1͑c͒ show atomic force microscopy ͑AFM͒ data after 3, 18, and 54 monolayers ͑ML͒ of AlSb deposition, respectively. At 3 ML, the QD density is 10 11 QD/ cm 2 with dot height and diameter of 1-3 nm and 20 nm, respectively. 14 Figure 1͑b͒ shows the growth at 18 ML. The effect of this continued deposition causes the individual islands to coalesce, but they remain crystallographic, in contrast to InAs/ GaAs QD growth, in which island coalescence leads to large defective islands.
13,14 Figure 1͑c͒ shows continued coalescence towards planar growth with 54 ML deposition. The insets show corresponding RHEED patterns at each stage of the nucleation layer growth. At 3 ML, the RHEED pattern is spotty with overlaid chevrons characteristic of QD growth. After 54 ML deposition, the spotty/chevron character has transformed to a streaky 3 ϫ 1 pattern associated with planar growth after 54 ML deposition. Figure 2 shows a cross-sectional high-resolution TEM ͑HR-TEM͒ image of the ͑110͒ crystal plane at the AlSb/ Si interface. The image shows three distinct regions labeled ͑i͒, ͑ii͒, and ͑iii͒, respectively. Region ͑i͒ is the white line along the interface that is an artifact of the initial AlSb nucleation on Si. The deteriorated resolution in this region compared to the surrounding material makes analysis of this region is difficult. The white appearance in contrast to the surrounding material indicates a higher density of atoms compared to the a͒ Electronic mail: huffaker@chtm.unm. edu   FIG. 1 . AFM images showing surface structure after ͑a͒ 3 ML, ͑b͒ 18 ML, and ͑c͒ 54 ML of AlSb deposition on Si. ͑a͒ and ͑c͒ RHEED images for the corresponding growths.
surrounding ͑110͒ plane, possibly due to a twisted lattice. Artificially induced twist-bonded substrates have been known to accommodate considerable interfacial mismatch and lead to undulations, as described by Ejeckam et al. [10] [11] [12] Region ͑ii͒, about 5 ML in thickness, represents the nucleation layer formed by QD growth and coalescence. This material is defect free and shows a planar, homogeneous zincblende crystal structure in which the arrangement of the atoms is in the form of consecutive ͑100͒ planes. In contrast, region ͑iii͒ contains undulating bulk material, denoted by a measurable rotation of the zinc-blende crystal lattice. Region ͑iii͒ is magnified in Fig. 2͑b͒ to elucidate the clockwise rotation of the lattice ͑8°͒ with respect to the ͓111͔ direction. The crystallographic undulations or bending lead to misfit dislocations that propagate parallel to the substrate. One such misfit dislocation is visible in Fig. 2͑b͒ and has been labeled. In other material systems, such as growth of InAs on GaAs, misfit dislocations lead to vertical propagating defects, such as threading or screw dislocations. However, the AlSb does not propagate these vertical defects due to the strong Al-Sb bond at these growth temperatures. Figure 3 shows the reciprocal space analysis of Figure 4 shows TEM images of the undulations at the AlSb surface after 70 ML of AlSb growth on Si. The figure also shows a layer of native oxide on the sample surface that forms quickly during atmospheric exposure. The surface undulations are ϳ10 nm wide and 1 nm high. We estimate the misfit dislocation density to be ϳ10 10 /cm 2 at this point in the growth process. With continued growth ͑ϳ1 m͒, the surface undulations merge, become shallower and considerably broader until they can no longer be detected by TEM. However, evidence of the undulation is still visible in the RHEED pattern for very thick ͑ϳ10 m͒ AlSb layers. Misfit dislocation density should also decrease significantly as the undulations become shallow and broad. Analysis by highresolution x-ray diffraction ͑data not shown͒ using a combination of ͑004͒ and ͑115͒ scans of an AlSb layer ͑500 nm͒ grown on Si indicates the relaxation of the AlSb to be ϳ98%. As a general indication of AlSb buffer material quality, we have demonstrated room-temperature photoluminescence at 1.7 µm from In 0.10 Ga 0.90 Sb quantum wells grown on AlSb/ Si.
In conclusion, we have identified the growth mechanisms of highly mismatched AlSb on Si. The initial nucleation occurs by self-assembled QDs. The continuation of growth leads to QD coalescence followed by undulations in the AlSb. The undulations increase the surface area of the AlSb and provide strain relief. The undulating material contains misfit dislocations parallel to the ͑100͒ plane; however, these do not propagate vertically as threading or screw dislocations. The AlSb layers provide a template for future III-V devices on Si.
